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Full Wavelorm Inversion for Structure and Source Parameters I sing

Regional Data Recorded in Eastern Kazakhstin

by

Danny J. Harvey

1. Introduction

The technical problems associated with monitoring clandestine nuclear testing in

the context of the new world order have caused a significant redirection of research

efforts in seismology. The old scenario, involving underground tests by a handful of

nuclear powers in predominantly a few well known test sites, was handled with a mon-

itoring strategy that consisted primarily of empirical calibration, which worked reason-

ably well given the nature of the testing. In the context of nuclear non-proliferation,

however, we have discovered that there are many gaps in our fundamental understand-

ing of seismic wave propagation at high frequencies in the types of complex geologic

settings that will be encountered. We will not be able to depend upon large databases

of prior direct experience to confidently detect and discriminate a first test from an

emerging nuclear power.

We have completed a study which was aimed at obtaining fundamental under-

standing of regional wave propagation by attempting to match synthetic seismograms

with real data. In the process we have learned much about the behavior of P, S, Lg

and Rg and how they relate to earth structure, source characteristics and source-

receiver geometry. In this report we will document a two phase study in which we

identified and analyzed a set of local and regional seismic events recorded near the

former Soviet test site at Semipalatinsk- We then applied full waveform inversion to

selected t, ..-- ts to extract source and structure parameters. We found that for certain



source-receiver paths we could do a very good job of matching complete seismog#ýa,',

on radial and vertical components up to a frequency of one Hertz including PK S and

Rg phases using shallow explosion sources. For othei source-recciver paths the fits

were not so good using shallow explosion sources, however we obtained good fits on

all three components by assuming a 5 km deep earthquake source. These jesults indi-

catc that waveform inversion can be used to discriminate small shallow exrlosions

from small relatively shallow earthquakes.

2. Data aid Observations

We used seismic data recorded as part of the NRDC program conducted during

1987. The NRDC network was operated by the University of California. San Diego

and consisted of three stations that surrounded the Shagan River and Degelen Moun-

tain areas of the Eastern Kazakhstan Soviet test site. Although there were three sta-

tions in the NRDC network, throughout most of the year only one or two stations werc

operational and the most consistent station was KKL (Karkaralinsk) All of the results

in this study are based upon data collected at KKL. We used as our data source the

NRDC Information Product which was compiled by IRIS' Joint Seismic Program

Center and distributed through the IRIS Data Management Center.

The instrumentation at KKL consisted of surface 1 Hz 3-component seismometers

and a borehole 0.2 Hz 3-component seismometer all recording at two different gain

levels (on 16-bit digitizers) and at 250 sps. The site was on granitic bedrock and gen-

erally exhibited low noise characteristics. All of the results presented in this study are

based upon the borehole instruments that were at a depth of 100 m.

The region around KKL is an active mining area with many shallow explosions

and generally exhibits low natural seismicity. Most seismicity in the area is of the

"induced" type and is associated with the large nuclear explosions at the former Soviet

test site.
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2.1 Event Deternuination

A total of 69 events were used in tbhs study. These e'.'ents were determined by

scanning through one year's worth of data recorded at KKL looking for any events

that had clearly identifiable P and S arrivals and whose S-P times were consistent with

distances of less than 500 km. Measured S-P times were used to determine the dis-

tance of the event based upon the travel times used by Thurber1. Event epicenters

were determined by using the S-P distances along with back azimutn estimates that

were obtained from polarization analysis. All events were assumed, initially, to be

shallow mining blasts. A map of the 69 events used in this study is shown in Figure 1.

Although the epicenters determined from a single station location are subject to

some scepticism, we think that they are fairly good as indicated by the clustering that

would be characteristic of mining operations especially to the west, south and

southwest. As we will show, these directions also correspond to the source-receiver

paths for which we can fit the data. The locations to the north however are not partic-

ularly clustered, even though we know that this is an active mining region. This direc-

tion also represents source-receiver paths for which we have difficulty fitting synthetic

seismograms to the data.

2.2 Data Characterization

Figure 2 shows the unfiltered KKL vertical components for all events sorted by

azimuth and distance. All of the times are relative to the first P arrival time, The labels

on the left of each trace give the distance and back azimuth in degrees to each event

which can be used to identify the events in Figure 1. Probably the most intersting

characteristic of the data that can be seen from this figure is the great variability in the

excitation of Rg. If one looks carefully at the data it appears that events to the south

Thurber, C., Given. 1I., Berger. J.. Regional seismic event location with a sparse network:
application to Eastern Kazakhstan, USSR. J. Geophys Res. 94. 17767-17780. 1989.
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and west systematically show larger Rg amplitudes than events to the north or east

(with the exception of the very local events).

In order to more clearly show the data we have split up Figure 2 into e~ents com-

ing from the same general regions which are shown in Figures 3 through 7. Each of

these figures are split into unfiltered and filtered versions, The filtered versions were all

filtered with a 6th order 0.5 to 1.0 Hz minimum phase Butterworth bandpass filter

The local events (from about 10 to 50 kin) are shown in Figures 3a and 3b. These

all show high signal to noise with strong Rg excitation. Although not plotted here. the

transverse components tend to show strong Love wave excitation as well. These data

show that the near receiver environment is conducive to efficient Rg propagation and

that the SH energy that we typically observe in explosion seismograms can be gen-

erated in large part at or near the source.

Events to the east and north are shown in Figures 4a and 4b. The signal to noise

ratio is considerably tower than for the local events and there are no apparent Rg

phases in the unfiltered data. After filtering, Rg phases appear on two of the easterly

events, however it would be difficult to pick Rg on any of the other events.

Events to the northwest are shown in Figures 5a and 5b. These events seem to be

generally more energetic than those to the north and east even though they are in the

same general distance range. Another difference is that the Rg phases can be seen in

more of the unfiltered traces and can be clearly seen in all of the filtered traces where

they are consistently larger than either the P or S arrivals.

Events to the west are shown in Figures 6a and 6b. These are also relatively ener-

getic events and the Rg phases generally can be clearly seen in the unfiltered data. The

filtered traces, for the most part, show very strong Rg excitation that is usually much

larger than either the P or S arrivals. The major exception to this is the most distant

event which corresponds to one of the large chemical explosions (10 ton) that was

detonated as part of the NRDC program.
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Figures 7a and 7b show events to the south. These data show an abrupt transition

fi-om the southwest quadrant, where strong Rg phases are seen, to the southeast qua-

drant. which show weak or nonexistent Rg arrivals coupled with an energetic Lg coda.

This sudden transition takes place between two events that are at approximately the

same distance and are physically close to each other. From Figure 1 we can see that

there is the possibility that Lake Balkhash is causing this transition, i.e. all of the

events in the southeast quadrant are on the opposite side of the lake as those in the

southwest quadrant. We might reasonably expect that Rg would be selectively

attenuated across a large lake, however the possibility exists that the southeast events

may be small earthquakes at depth and the southwest events may be shallow mining

explosions. Another interesting characteristic of this set of events is the remarkable

similarity between waveforms that can be seen in the filtered traces. It appears that

these 12 events are coming from four different locations.

The data shown here represent a rich source of information that provide us with

the means for learning about local and regional wave propagation. In this study we

will concentrate on the south event data set for doing the full waveform inversion,

although we use all of the non-local data in the quantitative analyses described in the

next section.

2.3 D)ata Analysis

As we have shown, the major difference between the events recorded at KKL is

the excitation of Rg and this appears to systematically vary with back azimuth. Syn-

thetic seismograms typically show a strong dependence of Rg amplitude on source

depth and this dependence has been proposed as a source depth discriminant. The most

setious problem associated with using Rg as a source depth discriminant is that its pro-

pagation characteristics are also probably strongly effected by small scale near surface

lateral variations in structure. Observations of Rg propagation characteristics for

different regions and source-receiver paths will provide important information for

17



quantifying structural effects and for determining under what circumstances Rg ampli-

tudes and/or dispersion properties can be effective as a source depth discriminant.

Given the potential importance of Rg as a discriminant and its gross behavior as

seen in the data, we decided to focus on quantifying Rg propagation characteristics as

observed in this data set. We used analysis techniques to determine the Rg dispersion

curves as a function of frequency and various Rg amplitude ratios at a fixed frequency.

Figure 8 shows the results of the Rg dispersion curve analysis. These functions

were determined from the vertical component seismograms by making time-varying

spectral estimation plots, i.e. sonograms, and then measuring the Rg ridge line in cases

where it was distinct. Of the 53 non-local events, we were able to see apparent Rg

dispersion functions in 32 events. The functions are gray-coded according to the back

.azimuth and the legend in Figure 8 gives the event back azimuth and distance coordi-

nates. There is a clear and systematic dependence of Rg group velocities on back

azimuth with events to the north showing lower group velocities and events to the

-south showing higher group velocities. Most of the events which failed to show Rg

dispersion ridges in the sonograms came from the north. We found a number of events

for which the Rg dispersion ridges were fairly clear in the sonograms, yet the Rg

phase was difficult to see in either the filtered or unfiltered raw data.

The second analysis technique we used was designed to measure amplitudes of all

of the major arrivals, as well as noise, at a fixed frequency. We did this by computing

a time-varying envelope function from a Gaussian narrow band filter. The program

then picked off the peak amplitudes of the P, S and Rg arrivals along with the peak

and mean noise amplitude. An example of the output from this analysis for one of the

events to the south is shown in Figure 9. At the top of this figure are the original

unfiltered components rotated into radial, transverse and vertical directions. At the

bottom is a plot of the three component envelope functions for a frequency of 0.75

Hertz along with the amplitude picks made by the program for P, S and Rg showing

18
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peak and mean noise levels, and P, S and Rg signal to noise ratios and group veloci-

ties. We applied this same analysis to all of the events and generated a table of group

velocities and amplitude characteristics for each event.

Figure 10 shows plots of the Rg group velocity at a frequency of 0.75 Hertz as a

function of distance and back azimuth for the vertical component. Once again we see

a systematic dependence of group velocity on azimuth with the south being fast and

the north being slow. There is no apparent relationship between Lrup velocity and

distance which precludes the possibility that the azimuth relationship is an aliased form

of a distance dependence. Rg signal to noise ratios and Rg signal to P signal ratios are

shown in Figure 11 as a function of back azimuth for the vertical component at a fre-

quency of 0.75 Hertz. The Rg amplitude trend with azimuth is approximately the same

as the Rg group velocity trend, with high Rg amplitudes to the south and West,

corresponding to high Rg group velocities, and low Rg amplitudes to the north and

east. corresponding to low Rg group velocities.

The results from these analyses show a wide variability in Rg group velocities

and amplitudes. The question that we would like to answer is how much of this varia-

bility is due to wave propagation effects and how much is due to source effects,

namely source depth. Our knowledge of this region indicates that most, if not all, of

these events are shallow mining explosions, although we cannot preclude the possibil-

ity that some of these events are small earthquakes. Because we know that there is

considerable mining activity to the north of KKL, the low Rg atanplitudes of events

from this region are most likely due to propagation effects. As we go to the west of

ncrth. Rg amplitudes increase until they peak at approximately due west, where we see

Pg amplitude ratios of about 100. As we will show in the next section-, these high Rg

amplitude ratios indicate a clean and efficient propagation pith between source and

it ceiver and they also indicate very shallow source depths. In these situations Rg can

be used to clearly discriminate between man-made, shallow sources and natural, deeper
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sources. The events to the south of KKL show an interesting abrupt transition from

strong and fast Rg arrivals in the southwestern quadrant to weaker and slower Rg

arrivals in the southeastern quadrant.

3. Inversion Process

We developed both dispersion and full waveform inversion tools for determining

earth structure and source parameters. These tools were based upon the cylindrical

geometry. laterally homogeneous, elastic wave propagation methods developed by Har-

vey2 that use a normal mode superposition approach for computing synthetic seismo-

grams. Because of concerns that have been raised about the viability of the perturba-

tion appreximation used in this method for computing the effect of anelastic attenua-

tion, 3 we checked our final solutions with a reflectivity based method that follows the

work of Luco, et. al.4 We found that the approximations made in the normal mode

method had no appreciable effect on the final solutions given in this report.

3.1 Rg Dispersion Inversion

As a first step in determining earth structure we inverted for P and S velocities

using the 32 measured Rg dispersion curves shown in Figure 8. We used a locally

developed dispersion inversion code that was based upon a simple damped steepest

descent path to minimize the comparison variances. The group velocity structure

parameter derivatives were computed analytically in the same manner as the computa-

tions of the Q derivatives.

2 Harvey. D. (1981). Seismogram synthesis using normal mode superposition: the locked

mode approximation. Geophys. I R Astr. Soc- 66. 37-61.
3 Day, S.. McLaughlin. K.. Shkoler. B. and Stevens. L., 1989. Potential errors in locked

mode synthetics for anelastic earth models, Geophysical Research Letters. v. 16. p. 203-206.
4 Luco, J. and Apsel. R. (1983). On the Green's functions for a layered half-space: Part 1.

Bull Seinv(ol. Soc. Am. 73. 909-929.
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We found that it was easy to match the short Rg dispersion curve segments that

we measured and that the major problem in the inversion was over-parameterization of

the structure. In particular, the inversion tended to tr-ade off P and S velocities to pro-

duce unphysical results. Also, we found that only a few layers were necessary to pro-

duce good fits between theoretical and observed dispersion curves.

By looking at the depth dependence of the eigenfunctions. we determined an

approximately optimal depth sampling that resulted in a geometric distribution of layer

thicknesses with depth; 0.5, 1.0, 2.0, 4.0, 8.0 km. Fixing these thicknesses, we allowed

the P and S velocities to vary in the inversion. We quickly encountered stability prob-

lems with the P and S velocity inversions and we fixed these problems by imposing a

constant Poisson ratio constraint on each of the layers. This resulted in a maximum of

five free parameters which we found to work very well.

The results of the dispersion curve inversion can be seen in Figure 12. The P

velocities of the top four layers are all plotted as a function of event back azimuth.

The systematic increase of velocity to the south of the station can be most clearly seen

in the second layer from the top with the topmost layer showing relatively large and

erratic velocity variations and the deeper layers showing more uniform velocities with

smaller variance. We can see from this figure that large changes in Rg dispersion

characteristics can result from reasonable velocity variations in the very near surface

region (down to 10 km depth).

3.2 Full Waveform Inversion

The full waveform inversion method we developed is similar to the method

de-cribed in Gomberg and Masters 5 and generally consists of the usual damped

s (;tibcrg. J. and Masters. T.. 1988. Waveform modelling using locked-mode synthetic and

differential seismograms: application to determination of the structure of Mexico. Geotphys .1
R A.ktr Swc. 94, 193-218.
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steepest descent approach that utilizes differential seismograms 6 for the determination

of local performance function gradients. The inversion parameters consisted of P and S

velocities, P and S Q values and source moment tensor. Source depth, source-receiver

distance, and layer thicknesses were fixed during the inversion.

We found inverting seismograms in the 0.5 to 1.0 Hertz band to be an extremely

non-linear process that required many iterations. As with the dispersion inversion, it

was very important for the modet to be properly parameterized in order to stabilize the

inversion. The waveform inversion code we developed allowed the researcher to

specify many different constraints, including P/S velocity ratio constraints and QJQO

ratio constraints, and to fix or free any of the velocities or Q values for any layer.

Other parameters could be specified as well, such as inversion damping parameters.

Source moment inversion was done separately and fixed during structure inversion

iterations.

Because of the inherent instabilities in the non-linear inversion and the resulting

large numbers of iterations that are necessary before convergence, the rapid and accu-

rate calculations of synthetic seismograms along with their derivatives are critical. In

the end, we found that 20 to 100 iterations were usually required to find a solution.

The inversion code we developed could perform an iteration in about 5 seconds for a

single mode, in less than a minute for a dozen modes and in several minutes for a

complete locked mode set up to 2 Hertz.

We developed a procedure for performing the inversions which allowed the data

to be fit in stages. The first stage involved refining the topmost 10 km of structure by

directly fitting Rg waveforms with synthetic results from the fundamental Rayleigh

mode. We started with the models determined from the dispersion function inversion

, Harvey. D., 1991, Studies of regional wave propagation using differential seismograms and
randomized structural models. Final Report. Report no. PL-TR-91-2126. Phillips Laboratory.
Air Force Systems Command, ADA247011.
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and matched phases directly between the data and the synthetic waveforms. We then

adjusted Q values to obtain good amplitude agreements. As with the dispersion inver-

sion, we found that it was usually necessary to constrain P/S velocity ratios and also

QJQp ratios. Figure 13 shows a typical fit of observed and synthetic Rg for an event to

the south of KKL along with the structure. As we can see from this figure, the fit

between the synthetics and data are very good. We had no difficulties in obtaining

similar fits for all events in which Rg was clearly visible in the data, however many of

the resulting structural models showed unphysical characteristics that we interpreted as

being due to poor data constraints on the structural parameters.

In the second stage we used all modes that would be normally trapped by the

Moho which resulted in about 12 modes at I Hertz and produced both S phases and

Rg. In this case we started with the structure obtained from stage I along with a start-

ing crustal structure which was the same as the one we used for locating the events.

We constrained the upper velocities and all P velocities and Q values and determined

the crustal S velocities by fitting the S arrival portion of the seismograms. Fitting of

body phases required a two step process which started with a seat-of-the-pants adjust-

ment of velocities to produce an approximate lineup of the data and synthetic arrivals

followed by normal inversion iterations to tune the structural model. The main objec-

tive of this stage was to obtain good phase agreement of the S arrival beLween the real

and synthetic seismograms.

The crustal P velocities were determined in a similar fashion in the third stage.

We put a cap layer at about 150 km depth and included all trapped normal modes. In

this stage we constrained all S velocities and inverted for P velocities above the near

surface zone.

In the fourth stage we refined amplitudes by allowing the Q values to be uncon-

strained and in the fifth and final stage we fine-tuned the final results by allowing all

parameters to be unconstrained. As a part of the final stage we also determined source
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Figure 13. Final results of full waveform inversion using the fundamental mode only
and the upper four layers of the structure. The bold traces are the synthetic seismograms
and the lighter traces are the real data.
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moment parameters.

4. Inversion Results and Application to Other Events

We chose an event to the south of KKL that was one of a cluster of 4 closely

spaced events as our first candidate for inversion. This was a typical event in this

region with an energetic Rg arrival and clearly identifiable P and S phases. As with all

of the results shown in this report, we applied a 0.5 to 1.0 Hertz bandpass filter to the

data to reduce the noise below 0.5 Hertz and to low pass filter the data at 1.0 Hertz for

comparison with the synthetic seismograms. It was our original hope to start the inver-

sion at a lower frequency band, however the high noise levels below 0.5 Hertz for

most events in this data set precluded this possibility.

The first stage inversion results were shown previously in Figure 13. This level of

fit between the synthetic and observed Rg phases was typical of the fits for other

events. The inversion results obtained by fitting the S phase along with Rg are shown

in Figure 14. We see remarkably good agreement between the vertical synthetic and

observed waveforms and fairly good agreement on the radial component. The final

results using all locked modes with a cap layer at 150 km depth are shown in Figure

15. The Rg fits are unchanged from the previous stages, the S wave fits are, for the

most part improved, and the P wave fits are very good.

The results of full waveform inversion for structure and source parameters shown

in Figure 15 are remarkable. The overall fit of observed to theoretical waveforms is

extremely good, matching both the phase and amplitude characteristics of all of the

identifiable arrivals. This fit was obtained with a simple explosion source at a shallow

depth (20 m) and the resulting structure is reasonable. Q values are relatively high

when compared against those of the Western US, although they are reasonable for

shield regions.
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Figure 14. Final results of fill wavefori, inversion using only tie modes trapped within
the crust. Both Rg and S arrivali are represented in this mode sum. The bold traces are
the synthetic seismograms and the lighter traces are the real data.
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Figure 15. Final results of full waveform inversion using all locked modes trapped by a
cap layer at 150 km depth. Complete seismograms are represented in this mode sum
including P, S and Rg arrivals. The bold traces are the synthetic seismograms and the
lighter traces are the real data.
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In order to check the validity of these inversion results, we compared synthetic

seismograms with the observations for the other events in the cluster, using the struc-

tural parameters obtained from the inversion. In our first attempt at this, we noticed

that the overall amplitudes agreed nicely although there were obvious phase errors that

appeared to be due to small mis-locations of the events, We adjusted the event loca-

tions to produce the best fit between the theoretical and observed seismograms and

these results can be seen in Figure 16. These data fits are almost as good as the origi-

nal inversion event indicating that the inverted structure does a good job in predicting

seismic waveforms in the vicinity of the event cluster.

An important and interesting aspect of the results shown in Figure 16 is that

waveform inversion can be used to constrain locations in sparse network situations as

can be seen in Table 1.

Table 1, Source-receiver distances from travel time and waveform inversion.
travel time distances waveform inversion distances

204.6 204.6 1
191.2 205.5
219.0 205.0
211...3. 203.0

The total spread of distances was reduced from 27.8 km to 2.5 km with the latter

figure more typical of a mining operation.

Using the same structure we compared theoretical and observed seismograms for

three clustered events almost due south of KKL and these comparisons are shown in

Figure 17. We did not try to adjust the distances for these events. The P and Rg timing

and the Rg dispersion match well between the seismograms, but the synthetic S arrival

is late and there is a relatively strong phase on the synthetic radial components that is

not seen in the data. The Rg to P amplitude ratio is somewhat larger in the observa-

tions that in the synthetics and the Rg to S amplitude ratio is about the same. These

events are not in the immediate vicinity of the event that was used to determine the
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structure, however the fits between theoretical and observed traces are qute good.

Some minor tuning of the structure parameters would most likely improve the fit

significantly.

The four events to the southeast of KKL are shown in Figure 18. When looking

at the data, there appears to be an abrupt transition in the w,,veforms to the southwest

of KKL and those to the southeast of KKL. This is reflected in the poor fits of the

observed and theoretical waveforms shown in Figure 18. Once again we used the

same structure and a shallow explosion source. The major discrepancies between the

data and the synthetics are: strong synthetic Rg phases versus weak or non-existent Rg

phases in the data, strong S phases in the data versus weak or non-existent S phases in

the synthetics, and energetic coda after the S arrival in the data with no apparent coda

in the synthetics.

Since Rg is highly dependent rn the near surface structure, we attempted to

reduce the Rg amplitude by lowering the Q values for the first four layers of the struc-

tural model with Q,, going from about 50 to 40 in the firrt layer, 112 to 50 in the

second layer, 150 to 90 in the third layer and 150 to 100 in th,. fourth layer (Q:, was

lowered in a similar manner). Although this did bring the Rg amplitudes down to be

consistent with the observations, this did not solve the problems with the S arrivals.

We decided to try comoaring synthetic seismograms from an earthquake at a depth of

5 km with the data and the results are shown in Figu-e 19 for the event at azimuth

155.66 degrees. This figure also shows tie original shallow explosion comparison (a)

and the shallow explosion comparison with the lowered near surfact, Q values (b)- We

performed a moment tensor inversion on the source to come up with an optimal focal

orientation to match the three components simultaneously. We also adjusted the source

receiver distance to g&t the correct S-P time on the synthetics. The double couple

source comparison used the original 'I:verted structure model with unaltered Q values.

We can see from Figure 19 that the earthquake source at 5 km depth previ(" s a
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(a) Shallow explosion source

Radial

Transverse

Vertical

40 50 60 70 80 90 100 110
(b) Shallow explosion source with lower Q

Radial

Transverse • . .- -, - - - - - -• . .... . .

Vertical

40 50 60 70 80 90 100 110
(c) Double couple source at 5 km depth

Radial

Transverse

Vertical

40 50 60 70 80 90 100 110
Time (Sec)

Figure 19. Comparisons of theoretical (heavy lines) and observed (light lines) seismograms for
the event southeast of KKL at azimuth 155.66'. The structural model given in figure 15 was
used for all synthetic seismograms except for (b) where the near surface Q values were lowered.
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very good fit between theoretical and observed waveforms for the P and S arrivals on

all three components. In addition, the Rg arrival has been reduced, due to the source

depth, without the need for lowering structural Q values. The only portion of the

seismogram that we cannot fit well is the trailing coda which could be due to lateral

scattering or vertical scattering from fine scale laminations in the crustal structure '

Although we cairnut absoluteiy rule out the possibility that this event is an explosion,

we consider the results of this waveform modeling to strongly indicate that this event

was a small earthquake.

5. Conclusions

We conducted a two phase study in which we characterized a number of small

events in Eastern Kazakhstan in the distance range of 10 to 320 km and we inverted

full waveform data for structural and source parameters. We found that there was a

strong variability in Rg propagation characteristics as a function of azimuth for the sin-

gle station we used in this study. We quantified this variability in terms of Rg disper-

sion function and amplitude characteristics as a function of azimuth. We inverted for

near surface structural parameters using observed Rg dispersion and found reasonable

azimuthal variations.

We used full waveform inversion to determine structural and source parameters

for events to the south of KKL. Although we only performed the structural inversion

for one event, we found that the inverted structural model worked well for predicting

wave propagation effects for other events in the near vicinity of the event used in the

inversion. Waveform inversion was used to refine single station relative locations of

presumed mining explosions resulting in a reduction of event clustering from several

The effects of vertical randomization of the structure on coda are demonstrated in Harvey.
D.. 1991. Studies of regional wave propagation using differential seismograms and randomized
structural models. Final Report, Report no. PL-TR-91-2126. Phillips Laboratory. Air Force Sys-
tems Command, ADA247011.
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tens of km to several km.

The inverted structural model was used for computing theoretical seismograms for

a number of events that were not in the vicinity of the original event cluster used in

the inversion. A sudden change in the observed waveforms was successfully modeled

by changing the source from a shallow xplosion to a 5 km seep double couple. No

other changes in the structural parameters were required in order to accomplish this fit.

We have demonstrated the ability to invert full waveform data up to a frequency

of I Hertz for both structural and source parameters and to produce excellent matches

between observed and theoretical seismograms. We have shown that waveform match-

ing can be used to discriminate between small shallow explosions and small relatively

shallow earthquakes. Both the Rg and S phases play an important role in this

waveform based discrimination. All of these results were obtained using a reasonable

and fairly simple structural model with no lateral scattering.

Although we have experienced remarkable success with this particular study,

there are many questions that remain unanswered and much more work to be done.

We know that lateral scattering will play an important role in certain regions and we

suspect that the propagation paths to the north of KKL are strongly influenced by

lateral scattering effects. We would like to know more about the mechanisms involved

in the scattering. Also this study was conducted using data recorded at a single station

and we would like to compare these results with those obtained from other stations-

Our suspicion is that Rg strength for shallow sources is a reliable indicator of the pres-

ence of weak versus strong lateral scattering in that region. We also suspect that there

is a tradeoff between strong Rg and strong S coda (Lg) in the distancc rang,;s used in

this study and we theorize that much of Lg coda power is generated by mode conver-

sion of the fundamental Rayleigh mode due to lateral scattering bodies.

The analysis methods documented in this report are well suited for single station

data in the frequency range of 0.5 to I Hertz which opens up virtually all worldwide
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seismic observatories as potential future data sources. We hope to continue this woik

by looking at data from other regions with different geologic and seismicity settings to

further understand and quantify regional wave propagation and to test waveform based

methods for discriminating small explosions from earthquakes.
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